We report here, for the first time, diode-pumped continuous-wave laser operation of Nd:LuYAG (LYAG) and Nd:LuGdAG (LGAG) mixed crystals around 1.83 μm. Cooling the laser samples down to about 6°C, output powers of about 0.56 and 0.46 W with slope efficiencies of about 5.5% and 5.6% can be achieved, respectively, for the two crystals. These Nd 3+ −doped garnet mixed crystals, like single crystal Nd:YAG, are believed to be the potential for laser generation at the important 1.83-μm near-infrared wavelength domain.
Introduction
Nd-based solid-state lasers are usually operated in the near-infrared either around 910 and 940 nm ( 4 F 3/2 → 4 I 9/2 Nd emission transitions) according to 3-level laser schemes, either around 1.06, and 1.1 μm ( 4 F 3/2 → 4 I 11/2 transitions) or 1.32 and 1.43 μm ( 4 F 3/2 → 4 I 13/2 transitions), according to 4-levels laser schemes [1] - [6] . They are less known, thus less exploited, because of much less favorable conditions for their laser emission properties in the near-infrared around 1.83 μm, which is a wavelength domain corresponding to the last and longer-wavelength Nd 3+ inter-manifold emission transition 4 F 3/2 → 4 I 15/2 . The first results obtained in this area have dated back to the beginnings of the 1970s and were obtained by pumping a Nd:YAG laser rod with a Kr flashlamp [7] . Then, it took until 1992 for the authors in [8] to report results obtained under diode-pumping, again using Nd:YAG as laser medium, but these laser results were still very modest since the achieved laser output power was only about 3 mW. It is only very recently that substantial laser output powers were obtained with Nd:YAG around 1.83 μm and now make it possible to reconsider the question in a new light. Nearly 1.4 W were indeed obtained for instance with a diode-pumped Nd:YAG crystal in the form of a waveguide recently [9] and more than 1.3 W with a diode-pumped Nd:YAG bulk crystal placed in a very compact laser cavity [10] . These results prove that Nd-based laser materials, and Nd:YAG more particularly, can work quite efficiently and might be an alternative to the other Tmand Ho-based lasers operating in this important near-infrared wavelength domain. The emission cross section of the Nd:YAG laser line at 1.83 μm is indeed equal to about 3 × 10 −21 cm 2 [11] , which is quite comparable with the cross section values found with the Tm 3+ and Ho 3+ based laser systems [12] . Moreover, such Nd 3+ -based 1.8 μm lasers operate on a true 4-level laser scheme, and, therefore, no any reabsorption problem.
We report in this paper the emission spectra and preliminary diode-pumped laser results obtained with two mixed garnets similar to single ions to be introduced in the mixed crystals than in YAG, without affecting the optical quality of the crystals. However, these mixed crystals are characterized by some structural disorder and different kinds of sites (Lu-rich and Y-rich Nd sites for instance in the case of Nd:LYAG [13] ) which result in inhomogeneously broadened fluorescence lines; such line broadening might be detrimental for the performance of the crystals, but it might be profitable for the generation of shorter laser pulses in a mode-locked regime [3] . Moreover, it is also worth noting that Nd:LYAG as well as Nd:
LGAG both exhibit longer fluorescence lifetimes than Nd:YAG at low Nd 3+ concentrations, 262 μs against 232 μs for instance for about 1% Nd, but that these fluorescence lifetimes do not decrease so quickly with increasing Nd 3+ concentrations [1] , [4] , [5] , [14] . The emission spectra and some of the laser properties of these mixed garnets were recently reported around 1.06 μm [1] , [4] , [5] , but nothing can be found, to the best of our knowledge, concerning the 1.83-μm near-infrared wavelength domain.
Emission Properties
The emission spectra were registered at room temperature by exciting the samples with an AlGaAs diode laser operating at 808 nm and by using an Ocean Optics, NIRQuest model, optical spectrum analyzer (OSA) with a precision of about 3.2 nm. The recorded spectra are reported in Fig. 1 . They are shown with those obtained in the same conditions with Nd:YAG, for comparison [10] . According to the energy level positions which can be found in [15] in the case of Nd:YAG, the longer wavelength portion of the emission spectrum consist in fact of two parts. One part extends from 1700 to 1900 nm with peaks at 1739, 1757, 1795, 1782, 1823, and 1833 nm which correspond to emission transitions from the two Stark levels of the 4 F 3/2 emitting multiplet located around 11423 and 11507 cm −1 and the four lower-lying Stark levels of the 4 I 15/2 multiplet located around 5765, 5820, 5940, and 5970 cm −1 . The second part, with weaker emission lines at about 2029, 2060, 2091 and 2134 nm correspond in turn to emission transitions from the same two Stark emitting levels of the 4 F 3/2 multiplet and the four higher lying Stark levels of the 4 I 15/2 multiplet located around 6570, 6580, 6640, and 6725 cm −1 . According to Fig. 1 , the same kinds of emission structures between 1700 and 2200 nm can be observed with Nd:LYAG and Nd:LGAG, although with decreased intensities. Without going into much details, which would necessitate a careful calibration of these spectra according to the spectral response of the apparatuses (something which will be done in a subsequent article), several remarks and some cross section estimations can be made based on our knowledge of the Nd:YAG system and of the similarity of the spectra and of the emission lifetimes found for the three considered materials. Thus, using the cross section data re- −21 cm 2 , and assuming that the emission cross sections found around 1.3 and 1.44 μm do not strongly differ from one system to the other, it is found that the cross sections associated with the stronger emission peaks found at about 1834, 1831, and 1829 nm in the case of Nd:YAG, Nd:LYAG, and Nd:LGAG would be decreasing with values of 3 × 10 −21 , 1.8 × 10 −21 , and 0.8 × 10 −21 cm 2 , respectively. Such a rough estimate already tells us that laser action will be likely more difficult to reach around 1.83 μm with Nd:LYAG and Nd:LGAG than with Nd:YAG.
Laser Experimental Details
The experimental setup used for the laser experiments is schematically shown in Fig. 2 . It was a standard plano-concave laser cavity, in which the laser crystal was pumped through an input dichroic mirror by a fiber-coupled laser diode. The diode laser was the same as used for the spectroscopic measurements. It was an AlGaAs diode laser coupled into a fiber with core diameter of 400 μm and N.A. of 0.22. The diode laser delivered a maximum output power of about 38 W. The pump beam was reimaged into the laser crystal by using two 50-mm (focal lengths) doublet lenses, one for collimation and the other for focalization. The input flat dichroic mirror (IM) had a transmission of about 90% at the pump wavelength and a high reflection of more than 99.9% around 1.83 μm. It was also characterized by transmissions of more than 85% at the higher gain emission lines, i.e. around 0.94, 1.06, 1.1, 1.3, and 1.4 μm. Three output couplers (OCs) all with curvature radius of 50-mm were, respectively, used to complete the cavity. These OCs all had transmissions of more than 80% for the above-mentioned high-gain emission lines and transmissions of about 0.69%, 2.15% and 3.06% around 1.83 μm.
The laser samples were prepared with uncoated but polished and parallel end-faces. The Nd:LYAG crystal was in the form of a 7 mm long parallelepiped with a 3 × 3 mm 2 cross section. The Nd:LGAG one was 6 mm long with the same cross section. The doping concentrations for the two available Nd:LYAG and Nd:LGAG crystals were both about 0.1%. Under these conditions, single pass absorptions of the pump beam were measured to be about 35.6% and 31.8%, which resulted in maximum absorbed pump powers of about 13.5 W for Nd:LYAG and 12 W for Nd:LGAG. Moreover, in order to reduce the thermal loads inside the laser crystals as much as possible, the laser crystals were both wrapped with indium foil and mounted inside a copper block connected to a chiller.
Laser Results
Laser experiments were first realized by setting the temperature of the chiller at about 18°C. Fig. 3 shows the laser results obtained at 1.83 μm with the Nd:LYAG crystal. Using the 0.69% transmissive OC, a maximum output power of about 0.39 W was achieved with a laser threshold of about 3.65 W and a laser slope efficiency of about 4.2%. Increasing the transmissions to 2.15% and 3.06% by using the other two OCs, reduced output powers of 0.27 W and 0.20 W were obtained with reduced slope efficiencies of 3.6% and 3.0% and increased laser thresholds of 5.2 and 6.09 W, respectively. In addition, output power saturations were observed at high power levels for the three OCs, thus probably indicating the occurrence of thermal lensing effects inside the laser crystals.
Improved laser results were then obtained by cooling the crystal further down to 6°C, which was the lowest temperature which could be used to avoid water condensation on the crystal end-faces. Under these conditions, the laser output power obtained for the 0.69% OC increased up to 0.56 W and the laser slope efficiency up to about 5.5%. At the same time, the laser threshold decreased down to about 3.2 W, and no saturation was observed at the highest power level, which is very encouraging for future power scaling. The corresponding laser spectrum is reported in Fig. 4 . It was obtained by using a Bristol Model 721B-IR laser wavelength meter with a wavelength resolution of 6 GHz (about 0.06 nm). The peak wavelength was found at 1830.89 nm with a FWHM of about 0.43 nm. Taking the 41 mm-long laser cavity into account, it can be estimated that the laser consisted of about 11 longitudinal modes. We also report, as an inset in Fig. 4 , the laser spectrum from 900 to 2100 nm by using the Ocean Optics NIRQuest optical spectrum analyzer, which clearly shows that no other high-gain laser line was operating.
The same kind of results were obtained with the Nd:LGAG laser crystal. As shown in the Fig. 5 , the best laser performance was also achieved by using the 0.69% transmissive OC and by lowering the crystal temperature down to 6°C. It was thus obtained an output power of about 0.46 W for a laser slope efficiency of about 5.6% and a laser threshold of about 3 W. At a crystal temperature of 18°C, the maximum output powers were reduced to 0.35, 0.28, and 0.22 W using the 0.69%, 2.15%, and 3.06% transmissive OCs, respectively.
The laser spectrum obtained at high power level and for the temperature of the crystal at 6°C is reported in Fig. 6 . Laser emission mainly occurs at 1828.92 nm, thus at a slightly shorter laser wavelength than that obtained with Nd:LYAG. This result is basically in line with the spectroscopic measurements reported in Fig. 2 . However, as can be seen in Fig. 6 , there seems to be another small emission line at about 1828.15 nm. The FWHM of the entire 1828 nm laser line was estimated to be about 0.75 nm, thus corresponding to about 18 longitudinal modes.
In the end, some estimation of the intracavity round-trip losses was also performed by using the Findlay-Clay method. The results for the two crystals are reported in Fig. 7 . The fit to the data thus indicated optical losses of about 2.9% and 3.4% with errors of about 0.1% and 0.6% for the Nd:LYAG and Nd:LGAG laser systems, respectively. Considering the relatively high values for these losses, we expect that the laser performance could be further improved together by optimizing the optical quality of the laser crystals, by using anti-reflection coatings and by operating in a dryer atmosphere. Indeed, the achieved laser wavelength coincides with strong absorption lines of water so that the hygroscopic level of the experimental room might play a very crucial role, which we might not have addressed enough carefully in our experiments.
Comparing the present laser results with that in our previous work [4] , one can clearly find that the single crystal Nd:YAG showed better laser performance in the specific spectral region than the two mixed crystals, e.g. lower threshold and higher output power. We have ascribed this mainly to lower emission cross sections for the two mixed crystals, as we mentioned above. Moreover, according to the loss estimation, the two mixed garnet crystals exhibited higher losses than our previously used Nd:YAG, which could lead to the higher thresholds. In addition, in terms of the comparison of laser spectra between the Nd:YAG single crystal and the two mixed crystals, it should be noted that, on the one hand, the lasing peak was at about 1834.25 nm, which had about 4 nm shift towards longer wavelength than that obtained with mixed crystals. On the other hand, the laser spectra of the two mixed crystals exhibited obviously multi-peak structures with more than at least four times broader laser spectra than that obtained with Nd:YAG.
Conclusion
The emission spectra and the diode-pumped continuous-wave laser operation of the two mixed crystals Nd:LYAG and Nd:LGAG are reported here in the near-infrared wavelength domain around 1.83 μm for the first time. Up to about 0.56 W without significant saturation effect has been obtained at 1830.9 nm with a laser threshold of about 3.2 W and a laser slope efficiency of 5.5% with the Nd:LYAG crystal, by using a 41 mm long plano-concave laser cavity and a 0.69% output coupler and by lowering the crystal temperature down to about 6°C. Similar results have been also obtained at a laser wavelength of 1828.9 nm with the Nd:LGAG crystal, with a maximum output power of 0.46 W, a laser threshold of 3 W, and a laser slope efficiency of 5.6%. Estimations of intracavity optical losses show that improvements can be achieved in the future by operating in a dryer atmosphere and by preparing crystals of better optical quality with optimized dopant concentrations and dimensions, along with broadband antireflection coatings. Thermally induced saturation effects could be also further reduced by pumping the crystals around 885 nm, thus directly into the Nd 3+ emitting level 4 F 3/2 , to reduce the "quantum defect" between the pump and emission wavelengths.
